Background: People with mild multiple sclerosis (MS) often report subtle deficits in balance and cognition but display no measurable impairment on clinical assessments. We examined whether hopping to a metronome beat had the potential to detect anticipatory motor control deficits among people with mild MS (Expanded Disability Status Scale ≤ 3.5). Methods: Participants with MS (n = 13), matched controls (n = 9), and elderly subjects (n = 13) completed tests of cognition (Montreal Cognitive Assessment (MoCA)) and motor performance (Timed 25 Foot Walk Test (T25FWT)). Participants performed two bipedal hopping tasks: at 40 beats/min (bpm) and 60-bpm in random order. Hop characteristics (length, symmetry, variability) and delay from the metronome beat were extracted from an instrumented walkway and compared between groups. Results: The MS group became more delayed from the metronome beat over time whereas elderly subjects tended to hop closer to the beat (F = 4.52, p = 0.02). Delay of the first hop during 60-bpm predicted cognition in people with MS (R = 0.55, β = 4.64 (SD 4.63), F = 4.85, p = 0.05) but not among control (R = 0.07, p = 0.86) or elderly subjects (R = 0.17, p = 0.57). In terms of hopping characteristics, at 60-bpm, people with MS and matched controls were significantly different from the elderly group. However, at 40-bpm, the MS group was no longer significantly different from the elderly group, even though matched controls and elderly still differed significantly.
Introduction
Multiple sclerosis (MS) is an autoimmune disorder of the central nervous system, affecting over 2.3 million people worldwide (Farinotti et al., 2012) . It is typically diagnosed during the early ages of adulthood (20-40 years old) when many people are beginning their careers and families (Confavreux and Vukusic, 2006) . Although clinical disability may take time to progress, people in the early stages of the disease often report problems that affect their day-to-day living, such as imbalance and difficulty in multitasking (Ploughman et al., 2012) . They experience subtle and subclinical muscle atrophy and weakness (Wens et al., 2014) , similar to those that occur with aging (Stephenson et al., 2015) . Unfortunately, current clinical assessment tools are often not sensitive enough to detect these self-reported problems until they have progressed into disability easily detected by an observer.
The current clinical gold standard for measuring motor ability in people with MS (PwMS) is the Timed 25 Foot Walk Test (T25FWT) (Bethoux and Bennett, 2011) . The T25FWT is a test of walking ability, timing how long it takes for a participant to transverse a 25 ft walkway, with 6 s or less indicating "normal" performance (Goldman et al., 2013) . Many PwMS perform in the normal range (a floor effect) and changes up to 20% on this measure are needed to be considered clinically significant (Hobart et al., 2013) . Several groups are developing more complex motor tasks in order to detect subtle deficits, such as dual-tasking Kirkland et al., 2015) and standing balance (Spain et al., 2012) . Kirkland et al. demonstrated that a bipedal hopping task can reveal motor deficits in a measurable way, even in participants who do not surpass the 6-s clinical cut-off of the T25FWT . In the bipedal hop test, PwMS in their 40's demonstrated hopping characteristics reminiscent of subjects 30 years their senior . This early aging may be related to changes in anticipatory motor control; the ability of the sensorimotor system to respond and adapt to changes in the environment (Krause et al., 2014) . Early in the disease progression, PwMS have reduced anticipatory postural adjustments and smaller magnitudes of anticipatory muscle activation (Krishnan et al., 2012) , which could be caused by subtle cerebellar network dysfunction (Romascano et al., 2015) . Importantly, signs of cerebellar impairment are a significant predictor of more rapid walking disability and increased likelihood of a progressive disease course (Jacobs and Kasser, 2012) . However, by the time cerebellar dysfunctions are detected on a magnetic resonance image (MRI), there are already clinical symptoms present (Weier et al., 2015) . An assessment tool to detect subtle cerebellar deficits before they manifest into significant disability could identify PwMS who are more likely to have a progressive, rapid disease course and are in need of earlier rehabilitation. Earlier prescription of intense rehabilitation may then, help delay the time to disability and slow progression in these high-risk patients.
A metronome timed task is useful in detecting impairments in anticipatory control and motor initiation. When PwMS were asked to synchronize finger tapping to a metronome beat, impairments in timing were related to widespread cortical thinning. Additionally, ability to time this finger tapping test could distinguish PwMS from healthy controls even at very low disability levels (Bonzano et al., 2013) . Although some of the muscle weakness and balance difficulties in MS could be related to advanced neuromuscular aging , synchronization of movement to a stimulus seems to be preserved in aged individuals (Elliott et al., 2011) . A timed complex motor task such as hopping has the potential to uncover unique impairments in both physical function (hop characteristics) and anticipatory motor control (metronome timing).
As part of an overarching goal to develop a clinically relevant complex motor control test (strength and balance as well as anticipatory motor control), we developed a task that combines the hopping motor task timed with a metronome. Our aim was to characterize both the ability to anticipate and coordinate hopping at two metronome frequencies (comfortable 60-bpm and 40-bpm) in a sample of people with MS, matched controls and elderly subjects.
Methods

Participants
Following approval by the Health Research Ethics Board (HREB#14.231), MS participants were recruited from outpatient services with the help of physiotherapist, nurse, and neurologist collaborators. Both control groups, matched control (here on referred to as controls) and elderly control (here on referred to as elderly) groups, were recruited via word-of-mouth and posters. As this was a pilot study of a novel measurement, participants were recruited based on convenience and sample size was not calculated.
Inclusion criteria for MS participants were: (a) an Expanded Disability Status Scale (EDSS) ≤3.5 (the cut-off score for walking impairment), (b) the ability to walk without the use of an assistive device, (c) the ability to hop in place twice consecutively, (d) age between 18 and 64 years (e) relapse free in the previous three months, and (f) confirmed diagnosis of MS according to the McDonald criteria (Polman et al., 2011) . Both the control and elderly subjects were required to walk without the use of an assistive device and hop in place twice. Control subjects were matched to MS subjects by age, gender, and education, while the subjects in the elderly group had to be over the age of 70 years. Participants were excluded if they had any underlying diseases or injuries that could potentially affect bilateral hopping performance or a history of falls within the past month.
Procedure
After obtaining consent and gathering demographic information (age, sex, and level of education), participants completed the Montreal Cognitive Assessment (MoCA), T25FWT and the two hopping tests at different frequencies.
The MoCA is a brief, cognitive screening test that has been validated to measure overall cognition in individuals with MS (Dagenais et al., 2013) . The T25FWT was administered as per the Multiple Sclerosis Functional Composite Instructions (Polman and Rudick, 2010) . Participants walked a 25-ft linear course and average times were calculated. Walk times on the T25FWT slower than 6 s represent clinically meaningful and distinct performance benchmarks for impairment in the MS population (Goldman et al., 2013 ).
An instrumented walkway (Protokinetics, Havertown, USA) was used to measure walking and hopping parameters. The Zeno system is comprised of the Zeno Electronic Walkway connected to a computer with PKMAS software. The Zeno Walkway system employs pressure sensitive cells for sensing spatial, temporal and pressure relationships between footfalls at a sample rate of 120 Hz, as the subject ambulates across its surface. The PKMAS software is utilized to collect raw data from the walkway, and process the gait parameters. Participants completed a total of two hopping trials to the beat of a metronome (in randomized order) with two-minute rest periods between each trial. The metronome signal was recorded by the walkway. Previous research in Parkinson's disease suggested that 60-bpm was natural (Cubo et al., 2004 ) so we tested both 60-bpm and 40-bpm. Participants were instructed to hop when they heard the beat, while keeping both hands positioned on their hips throughout the trial. All participants received the same scripted instructions. A ten beat familiarization period preceded each trial (Cubo et al., 2004) .
Metronome timing; planning and motor response
In terms of metronome timing, overall reaction time was quantified and considered in two phases: motor planning and motor response. Motor planning time was determined by extracting time (to the thousandth second) from the start of the metronome beat to the point at which the participant's CoP moved > 3 standard deviations (determined during quiet standing) in the anterior-posterior axis; similar to that used to quantify movement initiation preceding gait (Brecl Jakob et al., 2017) . The motor response was determined by measuring the time from the CoP movement to the point at which both participants' feet lifted from the mat, indicating zero pressure (take-off). Overall reaction time was the sum of these two metrics (time from metronome beat to liftoff; Fig. 1 ). Time delay for all metrics was calculated such that, if a participant hopped before the beat (anticipation), their delay would be negative and after the beat, a positive delay. The average delay from the metronome (in seconds) was calculated from all the hops in the two trials. To determine the adaptation to the metronome beat during each trial, the difference between the delay on the last hop and the delay on the first hop was calculated. A change of 0 indicated no adaptation; with smaller values indicating improved anticipation.
Hopping variables
Hopping parameters were divided into three categories, including measures of hopping capacity (integral pressure, hop length, hop width, hop time, percentage of time in stance (stance %), velocity, and CoP path efficiency), consistency (percent coefficient of variability (CV)), and symmetry (absolute difference from 1 of ratios). Hop length (cm) is defined as the average distance from the midpoint of the heel, to the same location on the subsequent heel contact. Hop width (cm) is defined as the distance between the feet upon landing a hop. Hop time (s) is the amount of time when both feet are in contact with the ground between hops (termed "stance" when considering walking parameters). Percentage time in stance is the amount of time that both feet are on the ground, relative to when only one foot or no feet (when in flight) are in contact with the walkway. Velocity (cm/s) is defined as the time is takes for a participant to transverse the distance of the walkway. Details of the parameters used are described elsewhere . Balance was quantified by extracting information on x and y coordinates for CoP. Total path length and range in both x and y directions were calculated for each hop, as demonstrated by others (Kalisch et al., 2011) .
Data analysis
Descriptive statistics were reported as mean ± standard deviation. One-way ANOVA tests were used to compare MS, elderly and control groups on demographic characteristics and scores on the clinical assessments (MoCA and T25FWT), while 3 × 2 Mixed Model ANOVA was used to compare 40-bpm and 60-bpm hopping parameters between groups. Bonferroni post-hoc corrections were applied for multiple comparisons. Relationships between hopping variables and clinical assessments were analyzed using simple linear regression. All data were analyzed using SPSS version 21.0 (SPSS Inc., Chicago, Illinois, USA), with a significance set at p < 0.05.
Results
Participants
We recruited 13 PwMS (10 females, 3 males; EDSS ≤3.5), 9 matched controls (7 females, 2 males) and 13 elderly participants (7 females, 6 males). Some controls matched more than one MS participant. There were no differences in age (F = 51.85, p = 1.00) between the MS group and matched controls. There were also no differences in sex (F = 1.01, p = 0.38) or years of education (F = 0.33, p = 0.72) between groups (Table 1) . Also, cognitive ability as measured by MoCA did not differ between groups (F = 1.93, p = 0.16). There was only one MS subject who took longer than 6 s (cut off score) to complete the T25FWT.
Comparing metronome frequencies
The average reaction time was significantly longer during 40-bpm than 60-bpm for all groups (F = 17.88, p < 0.01; Table 2); about 2.5 times longer in elderly and 8 times longer in MS and controls. Average motor response time was also significantly longer during 40-bpm than 60-bpm (F = 26.83, p < 0.01). There was no significant difference in motor planning time between 40-bpm and 60-bpm (F = 2.63, p = 0.12). In terms of adapting to the different frequencies of the metronome beat, at 60-bpm all groups showed no change over time (value at or about 0; Table 2 ). However, at 40-bpm, elderly group and controls lessened their reaction time delay while the MS group's delay was extended suggesting they had difficulty maintaining the 40-bpm pace (Fig. 2) . The 40-bpm frequency was slower; therefore, it was not surprising that there was significantly longer stance time between hops (F = 103.47; p < 0.01) and significantly longer hop time (F = 144.71, p < 0.01) compared to 60-bpm in all groups (Table 2. 2). Additionally, total CoP path length per hop was greater during 40-bpm than 60-bpm for all groups (F = 54.52, p < 0.01), indicating that all groups were more unsteady during 40-bpm than during 60-bpm.
Metronome timing adaptation
In terms of metronome timing, the average motor response, but not the motor planning differed between groups. Additionally, what distinguished PwMS from people their own age was their impaired ability to match the reaction time to the metronome beat over consecutive hops. The elderly group's motor response was significantly more delayed from the metronome than the MS group in both the 40-bpm and 60-bpm conditions (F = 4.21, p = 0.04). The average motor planning time (F = 0.58, p = 0.57) and reaction time (F = 1.05, p = 0.98) did not significantly differ between groups. In terms of adaptation, the MS group had an opposite pattern of reaction time adaption compared to the elderly group (F = 4.52, p = 0.02; Fig. 2 ). The adaptation during 40-bpm for the MS group was 0.11 (SD 0.26); a positive value indicating that, on average, the MS group's reaction became further delayed from the metronome beat. This value was significantly different and the pattern opposite compared to the elderly group, who had a difference of −0.18 (SD 0.30). The elderly group anticipated the beat; becoming less delayed from the metronome by the end of the trial. The control group also had a negative value (−0.07 (SD 0.12)), indicating they too learned to anticipate the beat; however, they were not significantly different from either group. Their value fell between the MS and elderly groups (Fig. 2) . When considering motor planning and motor response delay as separate components, the groups were equivocal in terms of adapting throughout the trial (F = 1.35, p = 0.27; F = 0.90, p = 0.42), respectively. Although the MS group had an anticipatory response in motor planning as evidenced by a negative value (−0.04 (SD, 0.42)) compared to a delayed response by both control (0.04 (SD, 0.35)) and elderly groups (0.39 (SD, 1.01)), there was likely too much variability for a difference to be detected.
Motor performance during metronome-timed hopping
There were three variables (hop length, velocity, integral pressure variability) in which the MS group's values fell between the matched control and elderly groups. The MS group performed more like the Table 2 and Fig. 3A) . Similarly, when analyzing hopping velocity, even though speed was set by the metronome beat, at 40-bpm the control group (but not the MS group) were significantly faster than the elderly ( Table 2 and Fig. 3B ). At 40-bpm, the MS group were no longer significantly different from the elderly group (Table 2 and Fig. 3A ). The MS group had a wider hop width than the elderly group during 60-bpm (F = 3.84, p = 0.03), (Table 2 and Fig. 3C ).
Relationship between metronome delay and cognition
Capability to time motor movement to the metronome was related to cognition in the MS group, but not the control or elderly groups. The delay from the metronome beat to the moment the participant's feet left the ground on the first hop at 60-bpm significantly predicted scores on MoCA in the MS group (R = 0.55, β = 4.64 (SD 4.63), F = 4.85, p = 0.05, Fig. 4A ). For every second delay from the metronome beat, their MoCA score was lowered about 4.5 points (15%). This effect was not seen in the control or elderly groups (R = 0.07, p = 0.86; R = 0.17, p = 0.57; Fig. 4B and 4C ).
Relationship between hopping characteristics and T25FWT in MS
In terms of physical status (T25FWT), several hopping variables (but not timing variables) predicted walking in the MS group. For instance, in both 40-bpm and 60-bpm conditions, shorter hop length predicted longer time to complete the T25FWT (Fig. 4D, 40 -bpm: R = 0.68, (A) Hop length (cm) and (B) pressure variability (percent coefficient of variability) was significantly different (p < 0.05) between MS and elderly groups during only 60-bpm, but not 40-bpm. The control group was consistently different from the elderly group (p < 0.05). (C) Pressure symmetry (ratio calculated as absolute difference from 1 between both feet) did not differ between groups. MS: multiple sclerosis; bpm: beats per minute; error bars represent standard error of the mean. β = −0.02 (SD 0.01), F = 9.35, p = 0.01; 60-bpm: R = 0.68, β = −0.02 (SD 0.01), F = 9.63, p = 0.01). Similarly, greater asymmetry in pressure between the feet predicted longer times on the T25FWT, but only during 40-bpm (Fig. 4E, 40 -bpm: R = 0.77, β = 2.93 (SD 1.63), F = 15.63, p < 0.01; 60-bpm: R = 0.04, p = 0.91). Lastly, more variable pressure (greater coefficient of variability) indicated longer time to complete the T25FWT (Fig. 4F, 40 -bpm: R = 0.58, β = 0.02 (SD 0.02), F = 5.49, p = 0.04; 60-bpm: R = 0.72, β = 0.10 (SD 0.03), F = 11.48, p < 0.01). Overall, the relationships between bipedal hopping ability and longer time to complete the T25FWT were stronger during hopping at 40-bpm than 60-bpm. Interestingly, although predictive of the T25FWT, hopping variables were not predictive of EDSS score.
Discussion
Our study aimed to determine whether metronome timed bipedal hoping could detect anticipatory motor control impairments among PwMS in comparison to matched controls and an elderly group. In terms of neuromuscular control of timed hopping, we found that although controls performed better than the elderly group in most hopping variables, MS subjects (≤3.5 EDSS) were not significantly different from either control or elderly participants. This finding aligns with our prior results in self-selected hopping . Requiring the subject to hop to the beat of a metronome provided the additive ability to detect impairments in feed forward control. Delay in timing was related to cognition measured by MoCA, rather than physical symptoms (T25FWT) in MS.
Does the metronome frequency matter?
We examined two metronome frequencies: 40-bpm and 60-bpm. We expected more challenges during 40-bpm since 60-bpm is considered to be a more natural rhythm (Cubo et al., 2004) . We found that during the more rhythmical 60-bpm, MS participants performed at a level similar to matched controls. Similarly, rhythmic auditory stimulation has been shown to improve gait, fatigue, and quality of life in individuals with MS when using natural gait rhythms (Conklyn et al., 2010; Seebacher et al., 2017) . Time structure of a rhythm is an essential element relating sound specifically to motor behaviour (Thaut et al., 1999) . Therefore, in the same way that a natural rhythm stabilizes gait (Conklyn et al., 2010; Seebacher et al., 2017) , it also seems to improve hopping performance. Hopping at 40-bpm may challenge the system more by involving more cognitive processing and active timing, potentially exposing more hopping deficits. Moving forward, 40-bpm may be the optimal metronome frequency to use for a clinical test.
Impaired timing adaptation in people with MS
We found that despite very low levels of disability, PwMS did not learn to match their hop and anticipate the metronome beat in comparison to the control groups. The elderly and control groups became closer to the metronome beat over time while the MS group's reaction time actually became further delayed from the beat. Auditory cues paired with sensory and motor input to the cerebellum allow learning and feed-forward control in order to anticipate the next beat (Penhune and Doyon, 2005) . The cerebellum in concert with the posterior parietal cortex is the main center responsible for this adaptation (Krause et al., 2014; Penhune and Doyon, 2005) . In PwMS, even in the earlier days of symptom onset, there is neurodegeneration in the cerebellum (Rocca and Filippi, 2017) , specifically in the dentate nucleus (Sbardella et al., 2017) and the middle and superior peduncles (Preziosa et al., 2014) . Consequently, this neurodegeneration causes a functional disruption of cortico-ponto cerebellar and spino-cerebellar inputs (Dogonowski et al., 2014) . Disintegration of regional processing in the cerebellum and disruption of input into the cerebellum dramatically affects motor learning. Although we did not examine MS lesions in this study, MS participants even early in disease, often exhibit cerebellar dysfunction and consequent problems with anticipatory control, which may be one of the mechanisms causing subtle disability in people in the early stages of MS. Since we found that MS participants were able to adapt their CoP response to stimuli similarly to the control group, but were continuously delayed in reaction time, some of the difficulty in adapting could be explained by muscular weakness or fatigue. Similarly, Remelius et al. found that PwMS took longer to initiate gait than people without MS (Remelius et al., 2008) . This delayed initiation was attributed to both impaired CoP shift and delayed motor movement initiation. Thus, it is likely a combination of factors responsible for the inability of PwMS to adapt their reaction time to the metronome beat. With further refinements, a metronome hopping test could help clinicians measure impairment in anticipatory motor control, versus motor initiation and target appropriate rehabilitation programs earlier in MS.
Metronome hopping as a potential rehabilitation outcome measure in MS
Our overarching goal was to build a potentially useful clinical measure of neuromotor control in order to measure the benefit of future rehabilitation interventions. Neuroplasticity exists, and therefore rehabilitation has the potential to improve impairment and disability in MS (Snodgrass et al., 2014) . However, due to the heterogeneous nature of MS, therapists need useful tools to help focus interventions. For example, therapy to address physical impairments would focus on measurements of strength and balance whereas therapy to improve anticipatory motor control would utilize complex tasks requiring agility and timing (O'Sullivan et al., 2013) . Largely due to heterogeneity between individuals with MS, we were not able to differentiate PwMS from controls in terms of timing delays and adaptation. However, we did observe patterns in which individuals with MS had difficulty matching the hop to the metronome beat over time as well as a significant relationship between this delay and cognition measured by MoCA. Although a significant predictor, metronome hopping only explained 30% of the variance in MoCA scores. The MoCA is primarily a screening tool and only two MS subjects scored below the normal cut off score. Future studies could explore the relationships between anticipatory motor control and the scores on more sophisticated cognitive batteries. As brain imaging technology improves, the ability to detect the patterns of brain activation will help further our understanding of the neural mechanisms during the auditory, cognitive and motor aspects of hopping. Our study represents a first step in creating a relatively simple tool to provide greater granularity and clinical phenotyping in the early stages of the disease.
Limitations
A major limitation in this study was a small sample size. As a pilot study, we were unable to examine outcomes based on disability level. For example it would be important to examine how a metronome bipedal hopping test detected impairment in people who have EDSS of 0 (no observable deficits). Future studies should investigate the applicability of this measure in a larger cohort to determine whether differences actually exist. Also, we did not quantify grey or white matter lesions in the cerebellum or cerebellar circuitry. Strength, power, or fatigue was also not measured within the cohort, which could be contributing factors in metronome hopping performance. Additionally, leg length or height was not measured, and we were therefore unable to control for these factors when comparing hop length and width. Lastly, we targeted people with mild MS with very low EDSS scores so we expected to see high MoCA scores. MoCA is a screening tool with major limitations but findings are interesting and spur the need for further research and better measurement tools.
Conclusion
During a metronome hop test, PwMS performed similarly to the matched controls during 60-bpm, but shifted towards the elderly group's ability during 40-bpm. PwMS tended to become more delayed from the metronome beat over time, whereas both control and elderly groups learned to anticipate the beat. This suggests that PwMS do have subtle impairments in both motor characteristics and anticipatory feedforward motor movement initiation that can be detected by a metronome hop test.
